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Abstract 
In the paper, a coupled dynamic model of the Linear Joule Engine and the embedded permanent magnet linear alternator 
is presented, which is the first dynamic model alike to bridge mechanical and electrical parts of linear engine generator, 
and provides better prediction of the performance. The detailed sub-model of the linear alternator responding forces 
eliminate any underestimation of their impact on the kinetics of the moving mass, i.e. piston, translator and rods, in 
turn, the electricity generation. The coupled model also enables an integrated design of the Linear Joule Engine and the 
linear alternator, which has the double acting piston in the compressor mounted with embedded permanent magnets to 
work as the translator, while the compressor cylinder bore is integrated with coils as the stator. It is predicted that the 
Linear Joule Engine Generator of the new design produces 1.8kWe with thermal efficiency of 34% and electrical 
generation efficiency of 30%.  
© 2016 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Most heat engine technologies suffer efficiency penalty when its size goes down to couple kilowatts. 
Besides that, two widely adopted prime movers in micro-scale, internal combustion engine and combustion 
turbine, have their inherent difficulties to be converted to use renewable heat sources. In the study [1], it is 
introduced that Linear Joule Engine plus linear alternator has its potential as an alternative high-efficiency 
technology in micro-scale power generation. The Linear Joule Engine is driven by external heat addition 
instead of internal combustion, which allows it apply any renewable heat source. It uses double acting free 
piston mechanism in its split compression and expansion cylinders, which decreases friction losses in 
comparison of crankshaft engines, and increases compression and expansion efficiencies in comparison of 
rotary turbines. The potential applications include reutilization of waste heat from engines, boilers and 
industrial processes, and power generation using solar thermal, geothermal energy, and biofuel/biomass 
through combustion and pyrolysis.  
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The simulation of the Linear Joule Engine in the study [1] is conducted with a dynamic model assuming 
the linear alternator behavior as a simple damper, same as most literatures. The assumption cannot reflect 
real kinetics of a linear alternator translator due to the oversimplified model of the responding forces, which 
may lead to mismatch between linear engine and alternator, a common design issue mentioned frequently. 
In this paper, a coupled dynamic model with detailed linear alternator sub-model is presented using Siemens 
LMS Imagine.Lab AMESim, which provides better performance estimation and allows interactive design 
of Linear Joule Engine and integrated linear alternator. 
2. Development of the Linear Joule Engine Generator 
The first design of the Linear Joule Engine was presented by Wu, et al. [1], shown in Figure 1. The split 
compression and expansion cylinders are placed at left and right hand sides of the prototype, whilst the 
linear alternator is placed in the center with its shaft coupling with the rods from the compressor and the 
expander. With the optimal stroke length of 120 mm generated from the previous simulation [1], the Linear 
Joule Engine Generator needs to be 400 to 500 mm long. To reduce the overall length of the machine, the 
translator of the linear alternator is integrated into the compressor piston. Instead of using the expander 
piston, we appreciate much lower temperature of the compressor cylinder, which allows the maximum 
generation of the flux from the permanent magnets. As shown in Figure 2, a hollow piston is applied in the 
compressor, on the sleeve of which the permanent magnets are mounted in an axial formation. In the study 
[2], Finite Element Analysis was carried out to identify the minimum magnetic flux, magnet weight and 
coil numbers of the integrated linear alternator to be able to produce couple kilowatts electricity. In the 
study [3], further outer performance of the optimal linear alternator design from the study [2] was discussed. 
Similar to other developments, the Linear Joule Engine Generator was developed separately so far in terms 
of engine part or alternator part. For a fully integrated new design abovementioned, the interaction between 
linear engine and alternator determines if the engine can work in its optimal efficiency consistently, and if 
the linear alternator can generate rated power and response with moderate responding forces under velocity 
and force inputs from the engine. A coupled dynamic model is desired to facilitate the engineering design 
need by considering the interaction, while the standalone model of the linear alternator in the study [2] and 
the model with the simplified damper mimicking the linear alternator in the study [1] are not competent to 
deliver a perfectly matched linear engine and linear alternator design.    
 
 
 
 
 
Figure 1. The first design of the Linear Joule Engine prototype [1] 
 
 
 
 
 
 
 
Figure 2. 3D schematic diagram of the integrated linear generator [3] 
3. Modelling of the Linear Joule Engine Generator 
3.1 The Linear Joule Engine model 
1988   Dawei Wu et al. /  Energy Procedia  105 ( 2017 )  1986 – 1991 
The linear Joule Engine has two cylinders in the compressor and two in the expander. The real processes 
slightly deviate from the theoretical processes of Joule Cycle, therefore universally applicable mass and 
energy balances are set up firstly. The following equations describe the mass balance of the working gas in 
one expander cylinder, which considers the mass flow rates of the intakes and the exhausts:  
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The governing equation of energy balance from the First Law of Thermodynamics is given as: 
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(4) 
In the practical application, the ranges of temperature and pressure are 300-1000K and up to 10bar 
respectively, therefore the ideal gas model is adequate to represent the working gas. When the ideal gas 
model is applied, enthalpy of the working gas is the function of temperature only. Therefore, the partial 
derivation items of enthalpy as the function of pressure are literally zero in this model. 
The equations (1) to (4) are also applicable to the compressor cylinders. Therefore, four sets of mass 
and energy balances of four cylinders can be built up, whilst the variable that differentiate two cylinders in 
the expander or the compressor is the piston displacement ݔ, which eventually affects the cylinder volume 
ܸ. Another variable is the valve open timings, which reflect on the mass flow rates of intakes or exhausts. 
The heat transfer coefficient ݇ is calculated using the equations from the paper [4]. Two parts of heat 
transfer are determined separately, which are the convection heat transfer between gas and horizontal wall 
in the cylinders and that between gas and vertical cylinder wall. 
 ݄௚̴௪௔௟௟ଵ ൌ ͲǤͲͳ͸͸ܲݎ ή ܴ݁଴Ǥ଼ ή
ܭ௚
ܴ  (5) 
 ݄௚̴௪௔௟௟ଶ ൌ ͲǤͲʹʹܴ݁ି଴Ǥଶܲݎି଴Ǥହ ή ൬ ௚ܶ
௪ܶ
൰
ି଴Ǥହ
ߩܥ௣ݑ௠௘௔௡ (6) 
 ܴ݁ ൌ ߩݑ௠௘௔௡ܴߤ  (7) 
 ܲݎ ൌ ܥ௣ߤܭ௚  (8) 
Two heat transfer coefficients are estimated as 101.83W/m^2 K and 128.59 W/m^2 K, which is lower 
than that of internal combustion engine due to lower maximum in-cylinder temperature and pressure. 
The crucial components attached onto the cylinders in the design are the valves, which use the model 
with the discharge coefficient from Perry’s experiments to determine the mass flow rates. 
 ሶ݉ ௩̴௘௣ ൌ ܣ௢ ή ܥௗ ή ܥ௠ ή ௨ܲ௣ඥ ௨ܶ௣
 (9) 
Finally, a dynamic balance is built on the moving mass ܯ which includes one expander piston, one 
compressor piston mounted with permanent magnets, and the rods connecting them. The equation as: 
 ܨ௘௣ ൅ ܨ௖௣ ൅ ܨ௟௔ ൅ ܨ௙௥ ൌ ܯ ή
݀ଶݔ
݀ݐଶ  (10) 
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where ܨ௘௣ and ܨ௖௣ can be calculated via pressure differences, ܨ௟௔ from the linear alternator will be derived 
in the next section, and ܨ௙௥ is the overall friction force on the moving mass, expressed as: 
 ܨ௙௥ ൌ ௩݂௖ ൅ ௪݂ௗ ൅ ௖݂௢ ൌ ߤ௩௦ ή ݒ ൅ ܿ௪ௗ ή ݒ ή ȁݒȁ ൅ ௖݂௢ (11) 
where ߤ௩௦ is the coefficient of viscous friction in N/(m/s); ܿ௪ௗ  is the coefficient of windage in N/(m/s)2; ௖݂௢ 
is the Coulomb friction force in N. 
3.2 The model of a tubular permanent magnet linear alternator 
Two crucial input variables for the linear alternator are the piston/translator velocity and the aggregated 
force from the working gas. Noticeably, the linear alternator is not only a passive ‘slave’ machine, which 
has its way to affect the dynamic balance of the linear motion of the engine piston via the responding forces 
during the electricity generation. The responding forces include six parts [3] shown in the equation below: 
 ܨ௟௔ ൌ ܨ௘௟௘ ൅ ܨ௖௣ ൅ ܨ௔௥ ൅ ܨ௖௢௚ ൅ ܨ௖௢ ൅ ܨ௘ௗ (12) 
ܨ௘௟௘  is the electrical corresponding force, which is the major part in quantity of the responding forces. 
The power lost in the form of heat in the armature winding of a generator is known as Copper loss. The 
equivalent force representing the loss is written as ܨ௖௣. The term ܨ௔௥ represents the armature reaction force, 
which is decided by current loading. It varies with the current loading and the translator position with 
equivalent repetition cycles converted from phases number and translator pole pitch. The responding forces 
from the armature circuits are expressed as follows. EMF stands for Electromotive force measured in volt. 
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In Equation (12), ܨ௖௢௚ is cogging force of permanent magnet linear alternators, which is generated due 
to the reluctance variation brought by the stator tooth. The cogging force over one translator pole as a 
function of piston/translator displacement ݔ is given below. It is periodic depending on the number of stator 
slots and the translator poles. The symbols ܵ, ௣ܶ, ߬௣௣ are the number of slots, the number of translator poles 
and translator pole pitch, respectively. The (േ) sign in phase shift ( ௖ߴ) holds for oscillating motion of the 
translator, where: 0൑ ߴ௖ ൑180. The phase shift represents the shift from position correspond to peak 
cogging force of total moving translator with respect to the stationary stator,. 
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Magnetic core loss includes hysteresis loss ௛ܲ which is a heat loss caused by molecular friction of the 
magnetic particles of the core. The other part of the magnetic core loss is eddy current loss ௘ܲ due to currents 
induced in any conductor, e.g. the iron core, when it is moving in a magnetic field. The force ܨ௖௢ represents 
the above two parts of the magnetic core loss. The permanent magnets have the same effect as any 
conductor, in which the eddy current loss is generated as well. ܨ௘ௗ represents the eddy current loss ௘ܲ௠ only 
in the permanent magnets. The magnetic core losses and the eddy loss of magnets are presented as: 
 ܨ௖௢ሺݔሶሻ ൅ ܨ௘ௗሺݔሶሻ ൌ  ሺ ௛ܲ ൅ ௘ܲ ൅ ௘ܲ௠ሻȀݑ (19) 
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In the model [3], the peak air-gap magnetic flux ׎෡, the peak armature reaction force ܨ෠௥௘, and the peak 
cogging force ܨ෠௖௢௚ are estimated using Finite Element Analysis modelling [2] in order to minimise the 
permanent magnet cost with maximum utilisation of force and velocity inputs of the specific design. 
4. Results and discussions 
The Linear Joule Engine applies the optimal geometry and dimensions from the study [1], on which 8 
kg moving, mass including expander piston, compressor piston sleeve, permanent magnets, and piston rods, 
is applied. The engine reaches stable operation after 10s (In the first second piston displacement is shown 
in Figure 3), and is predicted to generate 2 kW mechanical power with an overall thermal efficiency of 
34%. An external heat addition with a maximum temperature of 790 °C works as the input, and the 
compression ratio of the engine is set as 6.5. As compression and expansion happen in different cylinders, 
split thermodynamic cycle diagrams are shown in Figure 4. The blue dot line indicates the pressure build-
up in the compressor and the orange one shows the expansion process. A validation of the compressor 
model with P-V diagram can be obtain from the literature [5], in which reciprocating air compressor under 
similar working conditions has the same characteristic cycle profile as obtained from our model. However, 
there is no physical model of Linear Joule Engine existing in the laboratory, although a split-cycle Joule 
Engine with crankshaft was built for testing [6], which demonstrates the comparable characterisation of the 
split cycles in lower temperature and pressure ratio conditions. In the literature [7], a 5 kW split-cycle Joule 
crankshaft engine with a pressure ratio of 7.5 has a close energy efficiency estimation of 35%.  
 
 
 
 
 
 
 
 
 
 
    Figure 3. Piston/translator displacement in the first second                  Figure 4. Pressure vs. volume diagram of the split cycle  
 
 
 
 
 
 
 
 
   
                                                                                
       Figure 5. Piston/translator velocity profile comparison                    Figure 6. Responding force simulation of the linear alternator   
To predict accurate moving part motion of the Linear Joule Engine, the detailed linear alternator model 
is necessary, as shown in Figure 5. When the same peak responding force around 800 N applied for the 
simplified damper model and the detailed linear alternator model, the top velocity of the piston-translator 
in the detailed model is higher due to the damper model exaggerating the responding forces during the 
piston/translator deceleration period. The higher top velocity leads to a higher mechanical frequency of the 
engine generator, in turn, increases the electricity output. From Figure 5, it is also noticeable that two 
Stroke direction 
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velocity profiles differs largely when the piston-translator comes toward the end of one stroke. Figure 6 
answers the question. In a real linear alternator, when the translator moves out of the magnetic field, the 
flux disappears instantly which leads to a sharp drop of the electrical corresponding force. The simplified 
damper model just applies a proportional factor on velocity to simulate the responding forces, which cannot 
reflect this ‘dead-zone’, but only gives a gradually decreased force profile toward the end of a stroke.    
 
 
 
 
 
 
 
 
                                                                                         
 
       Figure 7. Power generation in one completed cycle                           Figure 8. Three phase EMF profiles versus displacement    
The linear alternator produces 1.8 kWe from 2 kW mechanical power input. The power generation 
efficiency of the machine is 30%. The instantaneous power generation profile in one cycle (two strokes) is 
illustrated in Figure 7, which reflects that more power is generated in the second half of a stroke while the 
velocity is relatively higher. EMF in three phases, as an important indicator of the linear alternator, are 
presented in Figure 8, which clearly shows that there are 7 translator poles ௣ܶ with respect to 7 peaks for 
each phase in the figure. When the pole passes the coil, that phase generates a peak EMF. The model is 
strongly validated by the experiment results [8]. The tubular linear alternator applying two translator poles, 
which was driven by sinusoidal force inputs, showed two EMF peaks in one cycle. The EMF peak values 
are incline to get smaller toward the ends of strokes in both studies due to the lower velocity at that time. 
5. Conclusions  
The 1.8kWe Linear Joule Engine generator is simulated using the coupled model incorporating both 
mechanical and electrical parts. The coupled model is the first among the models of free piston engine 
generators with external heat addition proposed in the existing literatures, which enables an improved 
prediction of the interaction between the mechanical and electrical parts, compared to the simplified model 
with a damper mimicking a linear alternator. In engineering practice, the outputs of the coupled model 
provide useful guidance on the linear engine generator design, which eliminates the possibility of mismatch 
between the Linear Joule Engine and linear alternator, also facilitates the integration of the linear alternator 
into the compressor to achieve a compact machine for micro-scale power generation.  
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